. It is hypothesized that the overexpressed SH3 domains titrate endogenous, essential endocytic be uniquely situated to coordinate changes in synaptic structure and function during development and synapproteins away from sites of Clathrin-mediated endocytosis. These data support the idea that Dap160/Intersectin tic plasticity. may function to scaffold endocytic machinery to facilitate high-fidelity, Clathrin-mediated endocytosis. However, no study has yet examined a synapse lacking Results
Dap160/Intersectin to test the required function of this protein during synaptic vesicle recycling in vivo.
A Genetic Analysis of dap160; Generation of Loss-of-Function Mutations In Drosophila, dap160 lacks the DH, PH, and C2 domains of Intersectin 1L that appear to be involved in the We have employed standard genetic techniques to generate strong loss-of-function mutations in the dap160 regulation of the actin cytoskeleton. This might suggest that Dap160 lacks these signaling properties. However, gene. We first identified a P element inserted in the 5Ј untranslated region of the dap160 gene, EP(2)2543 in Drosophila, the GEF activity encoded in the Intersectin 1L isoform could be encoded in a separate Drosophila ( Figure 1B ). We sequenced flanking DNA to confirm the location of this P element insertion. Despite the location protein that functions with Dap160 at the synapse. Thus, it is possible that Dap160 could organize the same endoof this P element within the dap160 locus, we find that Dap160 protein is still highly expressed at the Drosophila cytic and morphological signaling events that are proposed for vertebrate Intersectin.
NMJ based upon antibody staining with a previously characterized Dap160 antibody (Roos and Kelly, 1998). We have undertaken a genetic analysis to test the function of Dap160 at the neuromuscular junction (NMJ)
To generate mutations in dap160, we next made small deletions originating from the EP(2)2543 P element usin vivo. We have isolated severe loss-of-function mutations in the dap160 gene that eliminate Dap160 protein ing the technique of male recombination (Preston et al., 1996) . We generated a deletion that begins at the from the NMJ. Figure 1B ). Mutations that fail to complement both deficiencies map to a region that invae are sluggish and stop moving in late larval stages prior to lethality. If mutant animals are carefully reared cludes only four genes. We identified a single complementation group that failed to complement both of these on nutrient-rich plates, without competition from wildtype animals, then larvae can survive to the third larval deficiency chromosomes. This complementation group consists of two mutations, now called dap160 Q24 and instar. However, we never observe dap160 mutant animals of these genetic combinations that survive to the dap160
Q218
. We were successful in identifying the molecular lesion associated with one of these two mutations, adult stage. Importantly, the dap160 Q24 /Df(2)10523
#35
mutant animals die at the same larval stage as the homodap160
Q24
. This mutation is a 4 base pair deletion that creates a frame shift after the codon encoding for zygous dap160 Q24 animals. These genetic data agree with our antibody staining, suggesting that the dap160
Gly286. The frame shift allows an additional 100 amino acids to be translated downstream of Gly286 that are mutation is a strong loss-of-function, possibly genetic null, mutation. not homologous to the Dap160 protein. A new stop codon then occurs at amino acid 386. The predicted truncated
The lethality of the dap160 mutations demonstrates that dap160 is an essential gene. Embryonic RNA in situ protein in the dap160 Q24 mutant, therefore, consists of the two EH domains, seven amino acids downstream hybridization data generated by the Berkeley Drosophila Genome Project (BDGP) show that dap160 message of the EH2 domain, and 100 amino acids of nonhomologous sequence ( Figure 1B) . is highly expressed in the embryonic nervous systems (P. Tomancak et al., personal communication). Staining We next assayed whether any Dap160 protein is present at the Drosophila NMJ in the dap160 Q24 homozygous with the Dap160 antibody demonstrates that dap160 continues to be expressed at high levels throughout mutation. We find that Dap160 immunostaining is eliminated from the NMJ in dap160 Q24 homozygous animals larval development in both central and peripheral neurons (data not shown). To confirm the neuron-specific (Figure 2) . However, the Dap160 antibody that we use is a polyclonal antibody raised to a protein fragment function of dap160, we generated transgenic animals that harbor a full-length dap160 cDNA under UAS conthat did not include the two EH domains of Dap160 (Roos and Kelly, 1998). Thus, staining with this Drosophtrol. UAS-dap160 was then expressed in neurons in the dap160 Q24 homozygous mutant background using a neuila antibody does not allow us to determine whether a truncated Dap160 protein is expressed and trafficked ral-specific GAL4 driver (elav-GAL4
C155
). These animals were rescued to adult viability. These adult rescued anito the NMJ in the dap160 Q24 animals. Therefore, we turned to a polyclonal antibody raised against the EH mals are fertile and are able to fly, demonstrating that dap160 is an essential neuronal gene. domains of mouse Intersectin (Zamanian and Kelly, 2003 Figure 3A ; WuchFas II is concentrated at the NMJ but does not precisely colocalize with Dap160 ( Figure 3B ). Synapses at muscle erpfennig et al., 2003). In this periactive zone region, we find that Dap160 colocalizes with endophilin ( Figure 3C ). 4 were imaged, and the average staining intensity of endophilin, dynamin, nc82, anti-HRP, and Fas II was We also show that endophilin colocalizes with dynamin ( Figure 3D ), indicating that all three proteins are found measured at the NMJ. In every experiment, wild-type and dap160 mutant synapses were dissected and colocalized within the same periactive zone region. The cell adhesion molecule Fasciclin II (Fas II) is also concenstained in the same reaction tube and then imaged identically. The average fluorescence intensity of each antitrated in the periactive zone ( Figure 3B) . However, the anti-Fas II and anti-Dap160 immunoreactivity do not prebody was measured across the entire synaptic terminal area. Average fluorescence intensities were then excisely colocalize ( Figure 3B ). These data suggest that Fas II may concentrate to a different periactive zone pressed as ⌬F/F comparing the average synaptic fluorescence intensity to the average muscle background region from Dap160, endophilin, and dynamin. We are aware that there is also significant postsynaptic Fas II fluorescence intensity. By this measure, we find that there is a significant reduction in the abundance of both localization at the NMJ, and the different pattern of Fas II localization may reflect a postsynaptic versus presynendophilin and dynamin at the NMJ of both dap160
Q24
homozygous mutants and dap160
/Df(2)10523 #35 hetaptic localization pattern (Schuster et al., 1996) . However, Fas II functions as a homophilic cell adhesion molerozygous animals ( Figure 4 ). Importantly, presynaptic expression of the UAS-dap160 transgene in the ecule at the Drosophila NMJ and, therefore, we expect that Fas II staining will reflect the distribution of this dap160 Q24 mutant background completely restores normal protein abundance for endophilin and dynamin, protein in both the pre-and postsynaptic compartments (Schuster et al., 1996) .
demonstrating that the abundance of these endocytic Figure 3B ). (B) The presynaptic membrane marker anti-HRP is used to delineate the synapse (left). The staining intensity and gross organization of the active zone marker nc82 (right) is unchanged in dap160 mutants, even though the morphology of the mutant synapse is transformed. nc82 is confined to puncta of qualitatively normal dimension and density. the dap160 mutant synapse are too highly ramified to suggest that Dap160 is necessary for normal vesicle recycling. Since the abundance of both dynamin and allow this type of analysis (see below). In these experiments, regions of the Dap160 mutant synapse were seendophilin is reduced in the dap160 mutation, we suspect that the deficit in vesicle recycling is due to imlected that had large synaptic boutons that allow us to visualize protein distributions within individual synaptic paired endocytosis as a consequence of poorly scaffolded endocytic machinery. boutons ( Figure 5A ). Each NMJ was double stained for Dap160 and either FasII or nc82 to ensure that Dap160
To further assay the defect in synaptic vesicle endocytosis, we assessed loading of the styryl dye FM4-64. protein was absent from the synaptic regions that we analyzed ( Figure 5) , and rescue determine whether neurotransmitter release is perturbed in the dap160 mutant background. To do so, we resynapses at 13.3 Hz in 2 mM extracellular calcium saline for 4 min. This stimulus protocol elicits maximal vesicle corded from wild-type, heterozygous controls, dap160 mutants, and UAS-dap160 rescue animals in 0.5 mM release without causing strong muscle contraction. At 2 mM calcium, the initial EPSP amplitudes were compaextracellular calcium saline. Reducing extracellular calcium to 0.5 mM decreases evoked release to levels rable in control and dap160 mutant synapses. Under these conditions, control synapses (dap160 (Figures 6A and 6B) . However, the dap160 Q24 /Df(2)10523 #35 mutant synapse showed a sion in the dap160 mutant background is an increase in the average amplitude of the spontaneous miniature slow monotonic decline in the average EPSP amplitude (Figures 6A and 6B) . Following the 13.3 Hz stimulation, release event (mEPSP). The average mEPSP amplitude is increased by ‫%06ف‬ compared to wild-type and hetsingle test stimuli were delivered at 30 s intervals to measure recovery from synaptic depression. In each erozygous controls (Figures 7A and 7E) . The increase in mEPSP amplitude cannot be accounted for by a case, test stimuli showed that EPSP amplitudes recover to prestimulus levels in less than 4 min. These data change in the resting membrane potential or input resis- At 0.5 mM extracellular calcium, we also found a slight, tants is significantly larger than that reported for endophilin but is nearly identical to that observed in AP180 statistically significant reduction in the average EPSP amplitude ( Figure 7B ). We then calculated quantal conmutant synapses (Verstreken et al., 2002; Zhang et al., 1998). Since Dap160 is an essential presynaptic protein, tent, an estimate of the number of vesicles released per action potential (average EPSP amplitude/average we think it likely that the change in mEPSP amplitude is due to a presynaptic change in vesicle size or transmitter mEPSP amplitude; Figure 7C ). We observe a significant decrease in quantal content as a consequence of the loading as observed for endophilin and AP180. In support of this conclusion, an increase in vesicle size is smaller EPSP amplitude and larger average mEPSP amplitude in the dap160 mutants. There are several observed ultrastructurally at independently derived dap160 mutants (Koh et al., 2004) . It is possible that the changes that could underlie the decrease in presynaptic release that we observe. The change in presynaptic rechange in mEPSP amplitude observed in dap160 is due to less-abundant or improperly scaffolded AP180 at the lease could be due to a decrease in the readily-releasable pool of synaptic vesicles caused by a chronic NMJ. Indeed, we observe a statistically significant 43% decrease in AP180 at the dap160 mutant synapse. Alterdisruption of vesicle recycling during development. Alternatively, Dap160 could be required to scaffold pronatively, the dap160 phenotype may represent a compound effect caused by the improper abundance or teins involved in vesicle release (Okamoto et al., 1999) . Finally, impaired vesicle release could be secondary to scaffolding of several endocytic proteins involved in the the observed change in synapse morphology at dap160 (when the entire synapse is assayed using a sharp electrode placed in the muscle cell) is caused by a decrease mutant synapses, detailed in the next section.
To distinguish between these possible mechanisms in the total number of release sites due to the severely altered synapse morphology (detailed in the next for the observed decrease in evoked vesicle release at the dap160 mutant synapse, we used focal extracellular section). recordings to assay vesicle release at small sites within the wild-type and dap160 mutant synapse. A polished Dap160 Controls Synaptic Growth One of the most striking phenotypes that we observe patch electrode with an opening of approximately 3 m (approximately the diameter of a single bouton) was in the dap160 mutant background is an alteration to synapse morphology at the NMJ. The wild-type NMJ at placed over identified synaptic boutons as previously described (Davis et al., 1997; Davis and Goodman, 1998). muscle 4 has a stereotyped morphology where synaptic boutons of relatively uniform dimension are arranged in This recording configuration allows stimulus-evoked release events to be clearly distinguished from the noise long chains with relatively little branching ( Figure 8A ). By contrast, synapses at muscle 4 in the dap160 mutant ( Figure 7D ). At 0.5 mM calcium, a significant number of failures are observed at the single bouton level, allowing are highly ramified, with many tiny synaptic boutons branching from the primary axis of the nerve terminal one to calculate the probability of observing a release event at single boutons (or equivalent synaptic area).
( Figure 8B ). We quantified this change in morphology by first defining the major axis and primary branches of This measure estimates the synaptic efficacy of single boutons, since each synaptic bouton contains multiple the NMJ on the muscle surface (Figure 8, red lines) . We then counted the number of small boutons that branch release sites. Recording electrodes were identical in the wild-type and dap160 mutant recordings. We find that laterally off of the major axis of the synapse (Figure 8 , yellow circles). In previous studies, these small, laterally the probability of observing a release event from a small ‫3ف(‬ m) region of the presynaptic terminal is statistically branched synaptic boutons have been termed "satellite boutons" (Beumer et al., 1999; Torroja et al., 1999). By identical in wild-type and dap160 mutant synapses. Synapse morphology is altered at the dap160 terminal, so this method of quantification, we observe an 8-to 12-fold increase in the number of satellite boutons in the we cannot state that only one bouton is included under the extracellular electrode at the dap160 mutant syndap160 mutant background. The increase in satellite boutons is observed in dap160 Q24 homozygous animals apse. Rather, we conclude that a similarly small synaptic area was measured in wild-type and the dap160 mutant and dap160 Q24 /Df(2)10523 #35 ( Figure 8F) . Importantly, the number of satellite boutons is rescued to wild-type levsynapse. These data indicate that exocytosis is not impaired at the dap160 mutant synapse. Instead, we beels by neuronal expression of UAS-dap160 in the dap160 Q24 mutant background, demonstrating the specilieve that the observed decrease in quantal content ficity of this phenotype to loss of dap160 in neurons. Thus, dap160 is necessary for normal synaptic growth and bouton formation.
The morphology of the dap160 mutant synapse is somewhat variable, with some synapses being highly ramified and occupying a small area of the muscle surface ( Figure 8C) , while other synapses are highly ramified and still have a normal span on the muscle surface ( Figures 8B and 8D) . However, dap160 mutant synapses do not generally grow beyond the normal synaptic span as has been observed in synaptic overgrowth mutations such as highwire and spinster ( only function of dap160 during synapse development.
We also observe a striking defect in synapse morpholsuggesting that altered scaffolding of AP180 may be the cause of this dap160 phenotype. This is consistent with ogy at the third instar NMJ. The neuromuscular synapse becomes highly ramified with abundant satellite boutons our observation that AP180 levels are significantly decreased in the dap160 mutant synapse, though a causemerging from the major axis of the NMJ. These data indicate that dap160 also regulates synaptic signaling ative link remains to be established. . The dap160 mutant synapse, by contrast, is highly ramified with an abundance cytic machinery is further suggested by the observation that both dynamin and Dap160 levels are normal at the of small synaptic boutons. It seems unlikely that the change in synapse morphology is a secondary conseendophilin mutant synapse (Verstreken et al., 2003) . Thus, the endocytic scaffold is not broadly perturbed in quence of impaired synaptic vesicle endocytosis. The synapse in endophilin mutations is smaller than normal the absence of endophilin, although endophilin is required for the proper recruitment of synaptojanin to the and includes unusually large synaptic boutons, hypothesized to result from impaired vesicle membrane retrieval NMJ. Therefore, based upon our data and data from prior studies, we hypothesize that Dap160 serves as a (Verstreken et al., 2002) . Thus, the endophilin mutation, which severely impairs endocytosis, results in an oppofocal point to organize and concentrate the endocytic machinery within the periactive zone. This model is also site phenotype compared to dap160 mutations, producing decreased numbers of enlarged synaptic boutons. consistent with the relatively mild functional deficit in endocytosis that we observe. Synaptic vesicle recycling Similarly, synaptojanin mutants show a severely impaired endocytosis but normal synaptic morphology is perturbed at dap160 mutant synapses (Figure 6 ), but this impairment is less severe than that observed in (Verstreken et al., 2003 In brief, EP(2)2543 was recombined onto a chromosome marked with the recessive markers al, dp, b, px, and sp. Males of
FM4-64 Uptake Experiments
The motor nerve was stimulated for 1 min at 30 Hz in HL3 saline the genotype w-; al, dp, b, EP(2)2543, px, sp/ϩ; Ki, ⌬2-3/ϩ were crossed to females of the genotype w-; al, dp, b, px, sp/ al, dp, b, containing 0.5 mM Ca 2ϩ and 10 M FM4-64 (Molecular Probes). The preparation was then washed repeatedly in Ca 2ϩ -free HL3 for 5 px, sp and the resulting progeny screened for the presence of bϩ flies. Nine potential recombinants were tested by PCR for the loss min, prior to imaging the synapse. To analyze FM4-64 uptake, we
